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. Enerm, nor any of their employers, nor any of their contractors, aubcontrnctorr, or their employees, makes any warranty, express or implied, or assumes any legal liability or reaponribility for the accuracy, complctcncss or uvfulncu of any information, apparatus, product or proorn discloud, or r e p n a n u Ihat i u use would no1 ABSTRACT Fission-product contamination of t h e helium c o o l a n t of High-Temperature Gas-Cooled Reactors (HTGR) i s s t r o n g l y i n f l u e n c e d by t h e end-of-life (EOL) f a i l e d -p a r t i c l e f r a c t i o n .
DETERMINATION O F END-OF-LIFE-FAILURE FRACTIONS OF HTGR-FUEL P A R T I C L E S BY
Knowledge of t h e EOL-failure f r a c t i o n i s t h e b a s i s f o r model c a l c u l a t i o n s t o p r e d i c t t h e t o t a l -f i s s i o n product r e l e a s e from t h e r e a c t o r c o r c .
A f t e r d i s i n t e g r a t i o n of i r r a d i a t i o n f u e l r o d s , f u e l part i c l e s a r e placed i n i n d i v i d u a l h o l e s of a g r a p h i t e t r a y . During a 5-h h e a t t r e a t m e n t a t 1000°C i n a helium atmosphere f a i l e d p a r t i c l e s l e a k f i s s i o n p r o d u c t s , e s p e c i a l l y t h e volat i l e cesium, i n t o t h e g r a p h i t e . A f t e r unloading, a 8-a u t o r a d i o g r a p h of t h e t r a y i s made. Holes t h a t housed d e f e c t i v e p a r t i c l e s a r e i d e n t i f i e d from b l a c k s p o t s on t h e & s e n s i t i v e f i l m . The EOL-failure f r a c t i o n i s t h e r a t i o of d e f e c t i v e p a r t i c l e s t o t h e t o t a l number of p a r t i c l e s t e s t e d . The technique i s c a l l e d PIAA, P o s t i r r a d i a t i o n Annealing and ---Autoradiography.
-
The PIAA technique was a p p l i e d t o p a r t i c l e s of a Trisoc o a t e d highly-enriched U02 f i s s i l e b a t c h i r r a d i a t e d t o a burnup of 35% FIMA a t a n i r r a d i a t i o n temperature of 1250°C. V i s u a l examination showed a l l p a r t i c l e s t o be i n t a c t . From 11 t o 47% of t h e p a r t i c l e s had f a i l e d , a s determined by PIAA. The PIAA t.echnique i s a n a c c u r a t e , r e l i a b l e , quick, and i n e x p e n s i v e procedure f o r measurement of s t a t i s t i c a l l y s i g n if i c a n t f a i l u r e f r a c t i o n s i n t h e range from 10-4 t o 1 0 '~ i n i r r a d i a t e d Triso-coated f u e l p a r t i c l e s f o r HTGRs.
'on assignment from I n s t i t u t fui-Reaktorwerkstoffe, Kernforschungsanlage J G l i c h GmbH, West Germany. '~e i s s e Z e l l e n / I n s t i t u t fiir Reactorwerkstoff e S t a f f Member.
INTRODUCTION
The helium-coolant c i r c u i t of High-Temperature Gas-Cooled Reactors i s contaminated by gaseous and s o l i d f i s s i o n product r e l e a s e from f u e l p a r t i c l e s . The f i s s i o n p r o d u c t s r e l e a s e d stem from ( 1 ) t h e cont a m i n a t i o n of t h e c o a t i n g of t h e f u e l p a r t i c l e s and t h e m a t r i x m a t e r i a l s w i t h f i s s i o n a b l e m a t e r i a l , ( 2 ) d e f e c t i v e c o a t i n g s of as-produced f u e l p a r t i c l e s [ b e g i n n i n g -o f -l i f e (BOL) f a i l u r e f r a c t i o n ] , and ( 3 ) t h e f u e l p a r t i c l e s t h a t f a i l d u r i n g t h e o p e r a t i o n of t h e r e a c t o r . Both cont a m i n a t i o n and BOL f a i l u r e f r a c t i o n a r e low, e a c h about 10' 5 o f t h e t o t a l f i s s i o n a b l e m a t e r i a l inventory.
These v a l u e s a r e determined r o u t i n e l y .
Under normal r e a c t o r o p e r a t i n g c o n d i t i o n s , end-of-life (E0L)-failed p a r t i c l e f r a c t i o n i s low t o o , about 1 0 '~ t o This q u a n t i t y i s n o t o n l y a . f u n c t i o n of t e m p e r a t u r e , burnup, and f a s t f l u e n c e t h a t t h e i n d i v i d u a l p a r t i c l e s experience i n t h e i r l i f e t i m e but is a l s o a f f e c t e d by t h e s t a t i s t i c a l v a r i a t i o n s of t h e p a r t i c l e geometry and prop e r t i e s w i t h i n t h e p r o d u c t i o n batch. Knowledge of t h e i n f l u e n c e of t h e s e parameters on t h e EOL-failure f r a c t i o n i s t h e b a s i s f o r model c a l c u l a t i o n s t o p r e d i c t t h e t o t a l f i s s i o n r e l e a s e of t h e r e a c t o r c o r e .
It i s understood t h a t " f a i l e d " p a r t i c l e s do n o t n e c e s s a r i l y r e l e a s e t h e i r t o t a l f i s s i o n product inventory. Release depends upon t h e parr f c l e t e m p e r a t u r e , t h e i n t e g r i t y and compositioi of t h e k e r n e l , and t h e t y p e and e x t e n t of t h e f u e l p a r t i c l e f a i l u r e . Because of t h e ahove fact o r s , f i s s i o n p r o d u c t r e l e a s e i s v e r y s e l e c t i v e , p a r t i a l , and timedependent. A s a n example, c a r b i d e k e r n e l s r e l e a s e r a r e -e a r t h f i s s i o n p r o d u c t s w h i l e o x i d e k e r n e l s r e t a i n them. 
Since t h e main o b j e c t i v e of a Biso pyrocarbon c o a t i n g i s t o r e t a i n t h e g a s e o u s -f i s s i o n p r o d u c t s , Biso f u e l p a r t i c l e s
o n a n n e a l i n g and -autoradiographp) is based on t h e s e obser-. 
DESCRIPTION OF THE METHOD F i g u r e 1 shows t h e flowsheet of t h e PIAA technique f o r bonded f u e l p a r t i c l e s . Only r o u t i n e h o t c e l l o p e r a t i o n s a r e r e q u i r e d .

Fig. 1. F a i l u r e -F r a c t i o n D e t e c t i o n on Bonded Fuel P a r t i c l e s by PIAA Technique
Requires o n l y Routine Hot C e l l Operations.
S t e p 1 Bonded f u e l ( r o d s , compacts, o r b a l l s ) can be d i s i n t e g r a t e d e l e c t r o l y t i c a l l y i n n i t r i c a c i d . 4 The c o n d i t i o n s have t o be chosen t o a v o i d a t t a c k of t h e p a r t i c l e s .
F u e l p l a n c h e t s (monolayer compacts) a r e d i s i n t e g r a t e d c h e m i c a l l y i n a s o l u t i o n c o n t a i n i n g 1 8 g of ammonium p e r s u l f a t e i n 40 m l of 98% s u l f u r i c a c i d . The n i t r i c a c i d e l e c t r o l y t e and t h e p e r s u l f a t e s o l u t i o n u s e d t o d i s i n t e g r a t q t h e bonded f u e l a r e t h e n analyzed f o r heavy metal c o n t e n t t o determine t h e number of f a i l e d p a r t i c l e s whose k e r n e l s have b e e n d i s s o l v e d .
S t e p 2 A f t e r d i s i n t e g r a t i o n , t h e p a r t i c l e s and m a t r i x material a r e t r a n sf e r r e d t o a beaker and r e p e a t e d l y washed w i t h water. The p a r t i c l e s s i n k t o t h e bottom and t h e g r a p h i t e f l o a t s on t h e s u r f a c e . The p a r t i c l e s a r e e a s i l y s e p a r a t e d from t h e m a t r i x m a t e r i a l . The m a t r i x m a t e r i a l w i t h p a r t i c l e fragments i s checked f o r heavy m e t a l c o n t e n t by gamma s p e c t r o m e t r y .
S t e p 3 P a r t i c l e s a r e poured from t h e . s t o r a g e c o n t a i n e r i n t o t h e p a r t i c l e s e l e c t o r ( s e e Fig. 2) . The s e l e c t o r i s a c o n t a i n e r t h a t h a s a f a l s e bottom w i t h 100 i n d i v i d u a l 0.5-mm-diam h o l e s , below which a vacuum i s a p p l i e d so rhae 100 p a r t i c l e s a r e trapped a t t h e h o l e s . The e x c e s s par-
t i c l e s are poured back t o t h e p a r t i c l e s t o r a g e . The 100 p a r t i c l e s r e t a i n e d i n t h e s e l e c t o r a r e now poured i n t o t h e p a r t i c l e hopper by r o c a t i n g t h e s e l e c t o r i n t h e o p p o s i t e d i r e c t i o n and d i s c o n t i n u i n g t h e vacuum. 'l'he p a r t i c l e s a r e d i s c h a r g e d from t h e hopper i n t o one of t h e 18 L l i d l~o l e s of a g r a p h i t e t r a y ( g r a p h i t e t r a y t y p e A). The p r o c e s s of
l o a d i n g i s r e p e a t e d u n t i l a l l t h e h o l e s i n t h e A-tray a r e f i l l e d . Thus, a c o m p l e t e l y f i l l e d A-tray cnnta i n s 1,800 p a r t i c l e s .
S t e p 4 From f i v e t o t e n f i l l e d g r a p h i t e t r a y s w i t h a t o t a l of 9000 t o
18,000 p a r t i c l e s a r e s t a c k e d and f a s t e n e d .together wiTh a n unloaded 4~. . B i l d s t e i n , and K. Knotik, "Chemical and Electrochemical Methods f o r t h e D e s i n t e g r a t i o n of G r a p h i t i c Nuclear F u e l Elements," Step 5
A f t e r heat treatmenr the graph1 Lt! A-tra ys are rcturned t o the sample apportioning and loading device. There, t h e 100-particle samples 
S t e p 6
The A-trays a r e f3-autoradiographed,6 and the 100-particle batches containing f a i l e d p a r t i c l e s a r e i d e n t i f i e d . P a r t i c l e s a r e annealed i n g r a p h i t e A-trays t o screen l a r g e numbers of p a r t i c l e s . A second annealing i s necessary t o i d e n t i f y individual f a i l e d p a r t i c l e s .
S t e p 7
The S t e p 8 F i v e t o t e n g r a p h i t e B-trays a r e now stacked and fastened together w i t h an unloaded t r a y on top, and the heat treatment described i n Step 6 i s repeated.
S t e p 9
A f t e r heat treatment t h e graphite B-trays a r e disassembled. A Bt r a y i s placed i n c o n t a c t with another p l a t e (storage t r a y ) having an i d e n t i c a l p a t t e r n of holes. The p a i r of p l a t e s i s turned upside down so t h a t t h e p a r t i c l e s from the B-tray f a l l i n t o the corresponding positions i n the s t o r a g e tray.
S t e p 10
The B-trays are fl-autoradiographed t o l o c a t e f a i l e d p a r t i c l e s .
SLep 11
The storage Lrziy i s placed on t h e "Individual P a r t i c l e Selector" (Fig. 3) . The individual p a r t i c l e s e l e c t o r i s a syntem i n which a vacuum-particle-retrieval head can h e indexed t o s p e a i f i c hole positions on t h e s t o r a g e tray. P a r t i c u l a r p a r t i c l e s i d e n t i f i e d as f a i l e d can then be s e l e c t e d f o r f u r t h e r f a i l u r e s t u d i e s l i k e x-ray microradiography, 
